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STRUCTURAL POLYMER INSERT AND
METHOD OF MAKING THE SAME

BACKGROUND

1. Technical Field

At least one aspect of the present invention relates to a
structural polymer insert having glass fiber filled polypropy-
lene bonded to an adhesive.

2. Background Art

Metal support structures are often used in the automotive
industry to provide strength and energy absorbency into
vehicle frames. In situations where certain specifications are
mandated by governmental requirements for safety and crash
worthiness, glass fiber reinforced polyamide inserts are com-
monly used 1n addition to the metal support structures.

However, the glass fiber reinforced polyamide 1nserts have
met with limited use for various reasons, particularly because
polyamide oiten lacks requisite engineering durability. Addi-
tionally, polyamide 1s a relatively expensive material which
has discounted substantially the widespread use of the struc-
tural polyamide 1nserts.

SUMMARY OF THE INVENTION

According to at least one aspect of the present invention, a
structural polymer insert 1s provided. In at least one embodi-
ment, the structural polymer insert has a substrate and an
adhesive with the substrate being an admixture of a polypro-
pylene component and a glass fiber component. The substrate
has a surface and the surface has a plurality of oxygen atoms
in an amount of 1 to 60 atomic percent of the total atoms
present on the surface. The adhesive 1s attached to the surface
through one or more reactive moieties formed by the oxida-
tive action of the oxygen atoms. In at least one embodiment,
the one or more reactive moieties 1llustratively include
hydroxyl, ether, ketone, carboxyl, or any combination
thereof.

In at least one embodiment, the substrate surface has a
number of nitrogen atoms 1n an amount of 0.1 to 10 atomic
percent of the total atoms present on the surface.

In at least one embodiment, the surface has a number of
s1licon atoms 1n an amount of O to 5 atomic percent of the total
atoms present on the surface.

In at least one embodiment, the substrate surface has an
oxygen-to-nitrogen atomic ratio of 5.0 to 12.

In at least one embodiment, the glass fiber component 1s in
the range of 1 to 60 weight percent and 1n at least one par-
ticular embodiment of 30 to 50 weight percent of the total
weight of the substrate. In at least another embodiment, the
glass fiber component has a mean fiber length no less than 2
millimeters.

In yet at least one embodiment, the adhesive 1s an expand-
able foam adhesive and 1n at least one particular embodiment
the foam adhesive 1s epoxy based.

According to at least one aspect of the present invention, a
process 1s also provided. In at least one embodiment, the
process includes providing a substrate having a surface, the
substrate being an admixture of a polypropylene component
and a glass fiber component; imntroducing a plurality of oxy-
gen atoms on the surface to form a treated surface; and attach-
ing an adhesive to the surface to produce a bonded article. The
process optionally further includes curing the bonded article
under heat. In at least one particular embodiment, the intro-

ducing 1s mediated by air plasma treatment.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows XPS (X-Ray Photoelectron Spectroscopy)
survey spectra of GFPP (glass fiber filled polyproylene)
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2

specimens having 30 percent by weight of glass fiber com-
ponent with a mean fiber glass length of 3 millimeters, before

and after air plasma treatment;
FIGS. 2A and 2B depict XPS C (Carbon)ls core level

spectrum of the GFPP specimens in FIG. 1, before (2A) and
aiter (2B) of the air plasma treatment;

FIG. 3 shows XPS C 1s core level spectra of GFPP speci-
mens having 30 percent by weight of glass fiber component
with a mean glass fiber length of 3 millimeters, without and
with air plasma treatment at dosage “a” and dosage “b”’;

FIG. 4 1llustrates 20x-magnification surface roughness
using topography measurements;

FIG. § 1illustrates optical stereomicrographic surface
images ol various GFPP specimens, without and with air
plasma treatment at dosage “a” and dosage “b”, respectively;

FIG. 6 shows topography measurements presenting 100x-
magnification surface roughness of the GFPP specimens,
without or with air plasma treatment at dosage “a” and dosage
“b”, respectively;

FIG. 7 demonstrates a 3-dimensional topography, at 20x or
100x-magnification, of various GFPP specimens, without or
with air plasma treatment at dosage “a” and dosage “b”,
respectively, with FIGS. 7a-7¢ depicting topographic results
at 20x magnification and FIGS. 7d-7f depicting topographic
results at 100x magnification;

FIG. 8 depicts boxplots showing the mean and distribution
of lapshear bond strength measurements (five replicates per
group) of pure polypropylene specimens, without or with air
plasma treatment at dosage “a” and dosage “b”, respectively;

FIG. 9 depicts boxplots showing the mean and distribution
of bond failure mode (five replicates per group) of pure
polypropylene specimens, without or with air plasma treat-
ment at dosage “a” and dosage “b”, respectively;

FIG. 10 depicts boxplots showing the mean and distribu-
tion of lapshear bond strength measurements (five replicates
per group) of various GFPP specimens, without or with air
plasma treatment at dosage “a” and dosage “b”, respectively;

FIG. 11 depicts boxplots showing the mean and distribu-
tion of bond failure mode (five replicates per group) of vari-
ous GFPP specimens, without or with air plasma treatment at
dosage “a” and dosage “b”, respectively;

FIG. 12 depicts boxplots showing the mean and distribu-
tion of bond failure mode (five replicates per group) of vari-
ous GFPP specimens, without or with air plasma treatment at
dosage “a” and dosage “b”, as a function of plasma dosage,
glass fiber content, and glass fiber length;

FIG. 13 depicts boxplots showing the mean and distribu-
tion of lapshear bond strength measurements (five replicates
per group) of various GFPP specimens, without or with air
plasma treatment at dosage “a” and dosage “b”, as a function
of plasma dosage, glass fiber content, and glass fiber length;

FIG. 14 depicts main effects plots for the response of bond
strength, without or with air plasma treatment at dosage “a” or
“b”, as a function of the factors air plasma dosage, glass fiber
content, and glass fiber length;

FIG. 15 depicts main effects plots for the response %
cohesive failure, without or with air plasma treatment at dos-
age “a” or “b”, as a function of the factors: air plasma dosage,
glass fiber content, and glass fiber length; and

FIG. 16 depicts boxplots of lapshear bond strength of vari-
ous GFPP lapshear specimens having either “short” mean

fiber length or “long” mean fiber length.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE PRESENT INVENTION

Retference will now be made 1 detail to compositions,
embodiments, and methods of the present invention known to
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the inventors. However, 1t should be understood that disclosed
embodiments are merely exemplary of the present invention
which may be embodied 1 various and alternative forms.
Therefore, specific details disclosed herein are not to be inter-
preted as limiting, rather merely as representative bases for
teaching one skilled in the art to variously employ the present
invention.

Except where expressly indicated, all numerical quantities
in this description indicating amounts of material or condi-
tions of reaction and/or use are to be understood as modified
by the word “about” in describing the broadest scope of the
present invention. Practice within the numerical limaits stated
1s generally preferred.

The description of a group or class of materials as suitable
for a given purpose 1n connection with one or more embodi-
ments of the present invention implies that mixtures of any
two or more of the members of the group or class are suitable.
Description of constituents 1n chemical terms refers to the
constituents at the time of addition to any combination speci-
fied 1 the description, and does not necessarily preclude
chemical interactions among constituents of the mixture once
mixed. The first definition of an acronym or other abbrevia-
tion applies to all subsequent uses herein of the same abbre-
viation and applies mutatis mutandis to normal grammatical
variations of the mmtially defined abbreviation. Unless
expressly stated to the contrary, measurement of a property 1s
determined by the same technique as previously or later ret-
erenced for the same property.

As used herein and unless otherwise indicated, the term
“GFPP” 1s interchangeably used with the term *““glass fiber
filled polypropylene”.

According to at least one embodiment of the present inven-
tion, a structural polymer insert with industrially acceptable
engineering durability and comparably enhanced economical
elficiency 1s disclosed. In at least one embodiment, the struc-
tural polymer nsert includes a glass fiber filled polypropy-
lene (GFPP) bonded to a foam adhesive with relatively
enhanced lapshear bond strength therebetween.

It has been surprisingly found that a synergistic effect on
the bond strength between a glass fiber filled polypropylene
substrate and a foam adhesive 1s realized by an interplay of at
least three vanables, namely strength and extent of a surface
treatment, total weight percentage of the glass fiber compo-
nent, and length of the glass fibers. In at least one embodiment
and as will be described 1n more detail below, an exemplary
air plasma treatment may deliver two separate modes of
impact. A first mode 1s realized when the air plasma 1s deliv-
ered to oxidize the substrate surface carbon moieties to effec-
tuate chemical bond formation between the foam adhesive
and the substrate through the oxidized carbon moieties. In at
least another particular embodiment, a second mode of
impact 1s delivered when the air plasma further induces sur-
face roughness by etching certain portions of the glass fiber
component. These exposed glass fibers may subsequently
form mechanical bonds with the foam adhesive so that the
bond strength between the foam adhesive and the substrate 1s
turther strengthened.

In at least one embodiment, and as will be described 1n
more detail below, inclusion of the glass fiber component
functions both to provide structural durability and to maxi-
mize the air plasma impact on the bond strength. The 1nclu-
s1on of glass fibers 1n the polypropylene polymers substanti-
ates the bond strength enhancing effect elicited by the air
plasma treatment by at least five (35) folds, as compared to a
polypropylene counterpart with zero glass fiber content.

Since the air plasma treatment may be altered in dosage and
at certain dosage may etch the substrate up to 80 microns deep
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from a surface of the substrate, it seems at first glance that the
higher the air plasma dosage, the more mechanical bonds, the
greater the bond strength. However, a trade-oif 1s found to
ex1st between increases 1n bond strength verses air plasma
intensity. While certain high dosage air plasma creates a
rougher surface, yet at the same time, the high dosage air
plasma may also induce some over-oxidation of the carbon
species on the substrate surface and hence a reduction on the
extent of effective surface oxidation.

As will be described 1n more detail below, surface carbon
over-oxidation may reduce, to some extent, the amount of
oxidized carbon species on the substrate surface and therefore
weakens bond strength intensity. As such, providing a struc-
tural polymer insert with relatively enhanced bond strength 1s
at least effectuated by the synergistic interplay of the above-
mentioned factors.

Conventional structural inserts are manufactured using
polyamide or nylon. Nylon 1s a thermoplastic silky material
made of repeating units linked by peptide bonds or amide
bonds. Nylons are condensation copolymers formed by react-
ing equal parts of a diamine and a dicarboxylic acid, so that
peptide bonds form at both ends of each monomer 1n a process
analogous to polypeptide biopolymers. Solid nylon 1s used
for mechanical parts such as gears and other low- to medium-
stress components previously cast in metal. Engineering
grade nylon 1s processed by extrusion, casting, and 1njection
molding.

Unlike nylon, polypropylene 1s a versatile and more cost-
elfective engineering thermoplastic material. For example, an
exemplary going price for glass fiber filled polypropylene 1s
at least forty percent lower than the price for a polyamide
counterpart. The cost effectiveness 1n utilizing the glass fiber
filled polypropylene as a component for a structural insert 1s
furthered since the glass fiber filled polypropylene may be
manufactured at faster cycle times than the polyamide coun-
terpart. In addition, polypropylene 1s a thermoplastic polymer
having industrially acceptable resistance to fatigue. Polypro-
pylene has a melting point of 160 degrees Celsius. Many
plastic 1tems for medical or laboratory use are made from
polypropylene because polypropylene can withstand the heat
in an autoclave. However, polypropylene suffers from having
chemically iert and nonporous surfaces with low surface
tensions, as such, raw polypropylene polymers are generally
non-receptive to bonding with printing inks, coatings and
adhesives. In one or more embodiments, 1t 15 an object to
increase bonding strength of the polypropylene polymers to
toam adhesives so as to provide cost-effective structural plas-
tic mserts with bonding strength suitable for industrial engi-
neering.

In at least one embodiment, a structural polymer insert
includes a substrate and an adhesive bonded to the substrate.
The substrate 1s composed of a polypropylene component and
a glass fiber component, both components are itermixed
with each other. The substrate has a surface which has a
plurality of oxygen atoms in an amount of 1 to 60 atomic
percent ol the total atoms present on the surface. In at least
one particular embodiment, the amount of the oxygen atoms
1s of 10 to 50 atomic percent of the total atoms present on the
surtace.

In at least one embodiment, the polypropylene component
1s a number of polypropylene polymer molecules having a
welght percentage 1n the range of 40% to 95% of the total
weilght of the substrate.

In yet at least one embodiment, the glass fiber component
has a weight percentage of 1% to 60%, 1n at least another
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embodiment of 10% to 50%, and 1n at least another particular
embodiment of 30% to 50% of the total weight of the sub-
strate.

In yet at least one embodiment, the glass fiber component
1s a collection of glass fibers having a mean fiber length no
less than 2 millimeters. To ensure a certain mean fiber length,
the substrate may be molded by combining the polypropylene
component and the glass fiber component using low shear
screws under conditions that retain the glass fiber length.
Conversely, substrates with short glass fibers are molded with
high shear screw under conditions enabling the shortening of
the glass fibers.

The polypropylene component and the glass fiber compo-
nent can be combined and admixed using any suitable meth-
ods known 1n the art. One exemplary method 1s shown in U.S.
Pat. No. 3,654,219 to Boyer et al., the content of which 1s
incorporated herein 1n 1ts entirety by reference. The resulting
mixture 1s optionally subjected to heat curing at a temperature
of at least 120 degrees Celsius and preferably at least 135
degrees Celsius. Depending on the particular application
involved, the substrate may be molded 1nto various configu-
rations including the configuration where the surface takes
the form of a pocket or a cavity.

The adhesive may be expandable or non-expandable
depending on the particular application involved. In at least
one embodiment, the adhesive 1s a foam adhesive that 1s
expandable under certain condition which may be externally
applied. The condition 1illustratively includes temperature,
pressure, and/or chemistry. By way of example, the foam
adhesive may be sensitive to heat and expandable upon the
application of a high temperature 1n the range of 120 to 180
degrees Celsius. The foam adhesive illustratively includes
adhesive that 1s epoxy-based, urethane-based, or silane-
based. The epoxy-based foam adhesives are heat expandable
and when cured, are more heat- and chemical-resistant than
those cured at room temperature. The epoxy-based foam
adhesives suitable for forming the structural polymer 1nsert
have a typical volume expansion of 150 to 450 percent, 1n one
particular instance of 200 to 400 percent, and 1n another
particular instance of 250 to 350 percent. In at least one
embodiment, the GFPP substrate 1s bonded to the foam adhe-
stve and the resulting bonded article 1s subject to curing. The
curing may be carried out under any suitable condition and 1n
at least one particular embodiment under an externally
applied heat upon which the foam adhesive undergoes a heat-
assisted volume expansion. In at least one particular embodi-
ment, the bonded article 1s pre-heated at a temperature from
100 to 200 degrees Fahrenheit. In at least another particular
embodiment, the pre-heated bonded article 1s subject to fur-
ther heat of a temperature from 200 to 300 degrees Fahren-
heit.

In at least one embodiment, the adhesive 1s attached to the
surface of the substrate through at least one connective bond.
The connective bond 1llustratively includes a chemical bond,
a mechanical bond, or any combination thereof. The chemical
bond may be a hydrogen bond, a van der Waals’ bond, an 1onic
bond, or a covalent bond. By way of example, the covalent
bond 1s formed between one or more reactive moieties present
on the surface of the substrate with the reactive moieties
illustratively including ether, hydroxyl, ketone, and carboxyl.
These reactive moieties are various chemical states of carbon
atoms that are oxidized by oxygen atoms.

In at least one embodiment, the oxygen atoms are delivered
onto the surface through application of a surface treatment.
Surface treatment improves bonding characteristics between
the substrate and the foam adhesive, e.g., by increasing the
substrate’s mnherent surface energy. The surface treatment 1s
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applied to the substrate surface to modily surface roughness
and/or to facilitate the conversion of surface atoms such as
carbon atoms to carbon species having reactive moieties.
Suitable surface treatment illustratively includes air plasma,
Corona, UV/ozone flame plasma, chemical plasma, or other
atmospheric plasma using nitrogen or helium as carrier gas.

Corona plasma generally uses a high-frequency power
generator, a high-voltage transformer, a stationary electrode,
and a treater ground roll. Standard utility electrical power 1s
converted into higher frequency power which 1s then supplied
to a treater station. The treater station applies this power
through ceramic or metal electrodes over an air gap onto a
surface to be treated.

Flame plasma treaters generate typically more heat than
other treating processes, but materials treated through this
method tend to have a longer shelf-life. These plasma systems
are different than air plasma systems because flame plasma
occurs when flammable gas and surrounding air are com-
busted together into an intense blue flame. Surfaces are polar-
ized from the flame plasma affecting the distribution of the
surfaces’ electrons 1n an oxidation form. Due to the high
temperature flammable gas that impinges on the surfaces,
suitable methods should be implemented to prevent heat dam-
ages to the surfaces.

As known 1n the art, chemical plasma 1s often categorized
as a combination of air plasma and flame plasma. Somewhat
like air plasma, chemical plasma 1s delivered by an electri-
cally charged air. Yet, chemical plasma also relies on a mix-
ture of other gases depositing various chemical groups onto a
to-be-treated surface. When a chemical plasma 1s generated
under vacuum, surface treatment may be effectuated 1n a
batch process (such as when an article 1s singly located within
a vacuumed chamber for treatment) rather than an 1n-line
process (such as when a plurality of articles are sequentially
lined-up for treatment).

Air plasma 1s similar to Corona plasma yet with differ-
ences. Both air plasma and Corona plasma use one or more
high voltage electrodes which positively charge surrounding
air 10on particles. However 1n air plasma systems, the rate
oxygen deposition onto a surface 1s substantially higher.
From this increase of oxygen, a higher 1on bombardment
occurs. By way of example, an exemplary air plasma treat-
ment method 1s 1llustratively detailed 1n the U.S. Patent Pub-
lication titled “method of treating substrates for bonding”
(publication number US 2008-0003436), now U.S. Pat. No.
7,744,984, the content of which 1s incorporated herein 1n 1ts
entirety by reference.

In at least one embodiment, various atoms are being depos-
ited onto or become exposed upon the substrate surface
through the air plasma equipment. Atoms being elicited on
the substrate surface illustratively include oxygen atoms,
nitrogen atoms, and silicon atoms. The oxygen atoms, in
particular, consequently induce the oxidation of carbon atoms
on the substrate surface and the transformation thereof to
reactive moieties 1n the form of ether or hydroxyl, carbonyl,
and carboxyl, with the hydroxyl moiety being the most reac-
tive 1n causing covalent bond formation between the substrate
and the foam adhesive.

In at least one embodiment, topography 1s used to measure
surface roughness of the PP (pure polypropylene with zero
glass fiber content) and the GFPP specimens upon an air
plasma treatment. Topography measurements are usually
made using optical profilometry with a Wyko NT-3300 sys-
tem. Surface characterization of a surface may be performed
by using X-ray photoelectron spectroscopy (XPS). X-ray
photoelectron spectroscopy surface characterization mea-
surements relate increased bond strength to the presence of
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surface hydroxyl functionality that enables the formation of
covalent bond linkage to a foam adhesive. The 1nstrument
illustratively used may be Kratos AXIS 165 Electron Spec-
trometer manufactured by Kratos Analytical, Manchester,
England. Photoelectrons are generated using a monochro-
matic Al K-alpha (1486.6 ¢V) x-ray excitation source oper-
ated at 15 kV, 20 mA (300 W) and collected using hybrnid
mode magnification with the analyzer at a 20 eV pass energy
for high resolution spectra, and a 80 eV pass energy for
clemental surveys. High-resolution C 1s core level spectra 1s
acquired for specification of carbon oxidation chemistry. The
C 1s core level refers to electrons that reside 1n the carbon 1s
orbital atomic core level. The XPS C 1s core level spectrum 1s
the spectrum of photo-electron emission that occurs from the
C (carbon) 1s core level as a consequence of sample 1rradia-
tion by Al K-alpha X-rays. Quantification of survey data 1s
accomplished by procedures based on Scofield photoiloniza-
tion cross-section values. A least-squares based fitting routine
1s used to peak fit the high-resolution core level spectra. The
least-squares based fitting routine 1s used whereby peaks are
added manually based on best judgment and the routine is
allowed to 1terate freely on peak height, peak width, and
binding energy position to synthesize a C (carbon) 1s envelope
that most closely matches the acquired envelope. Binding
energies are referenced to the aliphatic C 1s line at 284.6 eV.
In at least one embodiment, the air plasma treatment, at a
certain dosage and in concert with the glass fiber component
included 1n the substrate, also effectuates the generation of a
mechanical bond between the foam adhesive and the sub-
strate surface. In at least one embodiment, the mechanical
bond 1s 1llustratively formed through a portion of glass fibers
otherwise localized up to 80 microns deep from the surface
and become exposed by the application of the surface treat-
ment. Assuming a stoichiometric mixture i1s provided, a
GFPP having 50 weight percent of glass fiber component may
be oxidized to yield a surface of about 45.3 atomic percent of
oxygen atoms. When the surface 1s completely, at least theo-
retically, depleted of carbon atoms by etching, an oxygen
content on the surface 1n an amount of 66.7 atomic percent
may result. The 66.7 atomic percent of oxygen atoms on the
surface illustratively represents a situation where the silicon
atoms are substantially oxidized by the etching process.
Depending on the glass fiber content and mean fiber length
ol a particular substrate, an air plasma treatment at certain
dosage facilitates the beneficial formation of both the chemi-
cal bonds and the mechanical bonds between the substrate
and the foam adhesive. Care should be taken, however, to
ensure a proper range of air plasma intensity with which the
substrate surface 1s treated. It 1s discovered that the effect of
the air plasma treatment applicable to the glass fiber filled
polypropylene substrate may be binary in that air plasma
treatment at a certain dosage may actually discount the ben-
eficial enhancement of the bond strength. While not intended
to be limited by any particular theory, one possible mecha-
nism may be proposed as to why a reduced amount of oxi-
dized species 1s 1dentified with certain extended air plasma
treatment. It 1s known (Walzak M J et al., Journal of Adhesion
Science and Technology, 9(9), 1229-1248, 19935) that
extended surface oxidation results in chain scission reactions
and the formation of low-molecular-weight oxidized materi-
als (LMWOM). The LMWOM further oxidizes to form car-
bon dioxide gas. Thus, while an air plasma treatment at cer-
tain dosage induces the formation of oxidized moieties that
remain cross-linked on the substrate surface, yet additional
dosages may over-oxidize the substrate surface and causes
the formation of LMWOM and/or carbon dioxide. The

LMWOM and the carbon dioxide are comparably less cross-
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linkable to the substrate surface and are subsequently blown
away and expelled from the surface with high-velocity air-
flow and direct surface impingement mherent with the air
plasma treatment.

The effectiveness of the air plasma treatment on enhancing
the bond strength of the GFPP substrate to a foam adhesive
varies as to the mode of operation. Variable aspects of the air
plasma operation mainly include the distance between the
plasma beam nozzle and the substrate surface, the moving
rate of the plasma beam nozzle, and whether the plasma beam
rotates or 1s rather static. These parameters are chosen 1n a
coherent fashion so as to bring out the most effective bonding
enhancement particular to the glass fiber filled polypropylene
substrate and the foam adhesive.

As revealed by the surface topography measurements, air
plasma treatment at a certain low dosage increases surface
roughness of GFPP by a factor of several times; while an
increase in surface roughness by a factor of up to forty (40)
times may be realized when the air plasma treatment 1s oper-
ated at a certain high dosage. It 1s generally accepted that the
slower the beam nozzle moves and/or closer the beam nozzle
1s to a surface, more intensified the air plasma treatment
becomes. For a static non-rotating plasma beam, one exem-
plary low dosage air plasma may be generated when a dis-
tance between the beam nozzle and the substrate surface 1s
kept at a value between 10 to 20 millimeters and/or the beam
nozzle moving speed relative to the surface 1s between 300 to
800 millimeters per second. One exemplary high dosage air
plasma may be generated when a distance between the beam
nozzle and the substrate surface 1s below 5 millimeters and/or
the beam nozzle moving speed relative to the surface 1s at or
below 150 millimeters per second. At a given glass fiber
content and subject to certain limitations as will be elucidated
in detail below, the higher the air plasma dosage, the rougher
the substrate surface. The increase 1n surface roughness 1s
mainly due to the fact that more portions of the glass fiber
component of the substrate, otherwise localized up to 80
microns deep from the surface, are being exposed to the
surface by air plasma etching. When presented with an
increase amount of glass fibers being exposed, the substrate
surface 1s better situated to form mechanical bonds with a
foam adhesive through the exposed glass fiber.

In at least one embodiment, a rotational non-static beam,
such as a table-top unit, may be used for delivering certain
dosages of air plasma treatment. The unit having a RD-1004
head with a 2000 rpm rotating 1-inch diameter nozzle 1s
operated at 9.5 amps of current. To effectuate an exemplary
low air plasma dosage, the beam nozzle of the unit may be
positioned at a distance of 8 millimeters from the surface at a
speed of 83.3 millimeters per second. To effectuate an exem-
plary high air plasma dosage, the beam nozzle of the unit may
be positioned at a distance at or below 5 millimeters with a
delivery speed at or below 33 millimeter per second.

Conventional sanding which, while increasing roughness
of a surface, causes accumulation of unwanted waste from
both the surface material and the sanding tool. As such, the
sanding often results 1n a layer of physical waste debris that
impedes subsequent bonding. Unlike conventional sanding,
the surface treatment such as the air plasma treatment
increases surface roughness by exposing glass fibers for
forming mechanical bonds thereof to the foam adhesive. As
such, the air plasma treatment effectively enhances surface
roughness without having to cause unnecessary physical
waste debris.

In at least one embodiment, the polymer insert further
includes an outer layer attached to the substrate and 1n another
embodiment positioned away from the foam adhesive. The
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outer layer provides additional structural support. The sub-
strate may be molded directly onto the outerlayer during
construction. An exemplary outer layer 1s made of metals
illustratively including aluminum, cast 1ron, steel, fabrics,

10
TABLE 1-continued

Surface atomic composition of GFPP specimens
upon air plasma treatment - part I

wood, bamboo, other thermoplastic or thermosetting poly- 5 Composition - Atomic Percent base on
mers, or any combination thereof. % Glass All the Surface Atoms Detected
Having generally described this invention, a further under- | | B
standing can be obtained by reference to certain specific lreatment  Fiber Carbon Oxygen RNitrogen Silicon  Ofthers
examples which are provided herein for purposes of 1llustra- Air 10 681 6.6 1 R 33 0.4
tion only and are not intended to be limiting unless otherwise 10 Plasma 20 65.1 28.0 1.4 5.0 0.9
pecifed 0ooTe sl
_ 50 83.5 14.8 1.7
Example 1
X-Ray Photoelectron Spectroscopy Surface 5 Blanks in Table 1 indicate that relevant test parameters are
Analysis-Part I below detectable range.
It should be noted, from the Table 1 shown above, that a
The glass fiber filled polypropylene specimens (GEFPP reduction in surface carbon content and an concurrent
specimen) having variable glass fiber content of 10 to 30 increase in surtface oxygen content 1s consistently observed
weight percent and with a mean glass fiber length ot 3 milli- 20 amongst the various GFPP specimens tested. As such it can be
meters are manufactured to have dimensions of 25 millime- reasonably concluded that the GFPP specimens respond
ters 1n width, 3.0 millimeters 1n thickness, and 100 millime- fairly similarly to a given air plasma treatment within a rela-
ters 1 length. The GFPP specimens are characterized by tively broad glass fiber loading range, for example, from 10 to
X-ray photoelectron spectroscopy before and after an air 50 weight percent.
plasma treatment. Low dosage rotational air plasmais carried 25  p13 1A shows XPS survey spectra acquired from the
out at a speediof S0 millimeters per se'cond anq a nozzle GEFPP specimens reported in Table 1 above. The spectra
distance of 6 millimeters. The results are 1nclude:d in Table 1. reveal the evolution of oxygen and nitrogen on the surface as
The base polypropylene polymer specimens with zero per- a result of the air plasma treatment. The details of oxygen
cent of glass fiber content exhibit a surface composition of  j,,corporation are shown in the XPS C is core level spectra of
9% or greater 1n carbon atoms. lhe air plasma treatment 30 [FG, 2A. The initial spectrum contains a single peak at 284.6
creates a substantial amount of oxygen, with a concomitant eV, attributed to the olefinic carbon. After the air plasma
amount of nitrogen generated possibly from the air plasma  reatment, additional peaks appear as the oxidized carbon
source. In addition, silicon 1s also observed. Interestingly, the species such as ether, hydroxyl, ketone, and carboxyl (FIG.
s1licon content does not seem to be 1n direct proportion, as 2B).
seen 1n this example, with respect to weight percentages of 353
the glass fiber component. It 1s possible that the air plasma Example 2
with the dosage used 1n this example exposes sub-surface
s1licon nano-particles, without yet etching the surface suili- X-Ray Photoelectron Spectroscopy Surface
ciently to expose the glass fibers. Analysis-Part II
40
TABLE 1 Surface composition investigation is further carried out
| B | with respect to those GFPP specimens having a narrower
Surface atomic composition of GFPP specimens .l .
upon air plasma treatment - pat range of glass fiber content and under additional experimental
variations. The GFPP specimens are prepared by the same
Composition - Atomic Percent base on 45 method set forth in the Example 1 above. In addition, the
7o Glass All the Surface Atoms Detected GFPP specimens are categorized with respect to glass fiber
Treatment  Fiber Carbon Oxyeen Nitrogen Silicon  Others content (0, 20, or 30 weight percent), mean fiber glass length
(1 millimeter verses 3 millimeters), and air plasma dosage
None 10 99.0 1.0 (dosage “a” verses “b”). Surface atomic compositions,
2 7 - 50 reported as atomic percent of all the atoms detected on a
30 997 03 b P
A0 99 & 04 GFPP specimen surface, are reported 1n Table 2. Again, it 1s
50 99.6 0.4 observed that all specimens without air plasma treatment
have a surface composition essentially of carbon atoms.
TABLE 2
Surface atomic composition of GEFPP test
specumens upon air plasma treatment - part I1
Glass
Mean Fiber  Fiber Elemental Composition -
Air Plasma Length Content Atomic Percent O/N
Specimen Treatment (millimeter) (wt %) C O N Si Other Ratio
“000PP-0” None n/a 0 99.1 0.9
“S20GEFPP-0” 1 20 99.3 0.7
“S30GEFPP-0” 30 99.3 0.8
“L20GEFPP-0” 3 20 99.5 0.5
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Surface atomic composition of GFPP test

specimens upon air plasma treatment - part I1
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Mean Fiber Fiber

Elemental Composition -
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Air Plasma Length Content Atomic Percent O/N
Specimen Treatment (millimeter) (wt %) C O N S1 Other Ratio
“L30GEFPP-0~ 30 99.8 0.2
“000PP-a” Air Plasma n/a 0 62.8 328 44 0.2 7.5
“S20GFPP-a”  Dosage “a” 1 20 704 26.77 3.3 0.1 8.2
“S30GFPP-a” 30 65.9 304 3.5 8.6
“L20GEFPP-a” 3 20 753 213 24 0.8 8.9
“L30GEFPP-a” 30 674 272 20 25 1.0 13.7
“000PP-b” Air Plasma n/a 0 72.0 25.0 3.1 8.1
“S20GFPP-b”  Dosage “b” 1 20 73.6 238 23 03 10.2
“S30GFPP-b” 30 733 2377 1.7 09 14.2
“L20GEFPP-b” 3 20 753 213 24 0.8 8.9
“L30GEFPP-b” 30 674 272 20 25 1.0 13.7

20

Blanks 1n Table 2 indicate that relevant test parameters are
below detectable range.

The rotational treatment for air plasma dosage “a” 1s
moved at a speed of about 83 millimeters per second while a
static non-rotating plasma beam moving at 150 millimeters
per second 1s used for dosage “b”. As defined previously, a
rotational plasma beam, 1n general, delivers a much lower
plasma intensity when compared to a static non-rotating
plasma beam. As designed herein, the dosage “a” 1s charac-
terized as a lower dosage 1n air plasma intensity when com-
pared to the dosage “b”. Both the “a” and the “b” dosages of
the air plasma treatments create a substantial amount of oxy-
gen, with a concomitant amount of nitrogen generated from
the air plasma source. With the dosage “a” treatment, oxygen 35

uptake 1s 26.7 to 32.8%, with 3.3 to 4.4% of nmitrogen. The
oxygen/nitrogen ratio measured on the surface 1s around 8 or

9, just over double the composition ratio of the air source used

to generate the plasma, which1s3.7 (78.1/20.9). Interestingly,
the amount oxygen and nitrogen incorporated at the dosage 40
“b” 1s actually about 20% less than that observed at the lower
dosage. As such, it 1s observed that certain air plasma dos-
ages, such as the dosage “b” here, may retard the extent of
oxidative state of the specimen surfaces.

XPS high resolution C i1s core level spectra 1s again 45
employed to determine the chemical state of carbon after each
treatment. FIG. 3 shows overlaid C 1s core level spectra of the
30% GFPP specimens with mean fiber length of 3 millimeters
reported 1n Table 2 above. The spectrum acquired from the
L30GFPP specimens shows a single peak at 284.6 eV 1den- 50
tified as aliphatic carbon (A). After the low dosage air plasma
treatment, additional peaks are observed with the L30GFPP-a
specimens at binding energies of 286.2 eV, 287.4 eV, and
288.7 eV, 1dentified as ether/hydroxyl (B), ketone (C), and
carboxylate (D) chemical states, respectively. While still 55
being significantly greater than those observed without the
L.30GFPP-0 specimens that are without any air plasma treat-
ment, the amount of oxidized carbon species detected from
the L30GEFPP-b specimens are relatively lower than those
with the L30GFPP-a specimens. 60

25

30

Example 3

Surface Topography Analysis
63
Optical profilometry 1s performed on various GFPP speci-
mens to determine to what extent surfaces of the GFPP speci-

mens are physically affected by an air plasma treatment. The
topography 1s measured at 20x and 100x magnification to
examine the roughness at different length scale. The 20x
magnification measurements reveal structures between base
polypropylene polymer and the glass fibers, whereas the 100x
magnification measures more detailed structures among the
glass fibers of the specimens.

Roughness measurements are presented 1n terms ol Rq,
root-mean square deviation from center where,

1 » (1)
RQZ\/EZI(Z:' - 7)°

n 1s the number of data points; z 1s the deviation from the

center of the surface plane, z. For 100x magnification, n=353,
280 (736x480) and the point resolution 1s 79.9 nm. For 20x

magnification, n=1,300,993 (1232x1056) and the point reso-

lution 1s 811 nm. The effect sample t1lt 1s removed from all
presented data and calculations.

The 20x magnification topography measurements within 1
mm” (square millimeter) area of the specimens reported in
Example 2 above 1s presented in FIG. 4. Measurements at the
20x magnification include the topography introduced by the
imbedded glass fibers. Each Rq value in the unit of microme-
ter (um) 1s reported 1n average of three measurements with
error bars representing one standard deviation. Within the
specimens tested, there 1s no statistically significant differ-
ences 1n Rq between the untreated specimens and the speci-
mens exposed to the dosage “a” air plasma treatment, with
values of Rq all under 2 um. However, there 1s an observable
trend of average roughness increasing with fiber length (1 to
3 millimeters) and also with glass fiber content (20 to 30%).
In contrast, surface roughness of the GFPP specimens
increases dramatically, for example, by more than 30 times,
alter the dosage “b” air plasma treatment. Also, there 1s an
observable trend of average roughness increasing with fiber
length (1 to 3 millimeters) and also with glass fiber content
(20 to 30%).

The change i1n surface reflectivity of the specimens
reported 1n Table 2 above 1s represented 1n the optical micro-
graphs as shown 1n FIG. 5. FIGS. 3a-5¢ depict the optical
micrographs relevant to the S30GFPP-0 specimens, the
S30GEFPP-a specimens, and the S30GFPP-b specimens,

respectively. FIGS. 5d4-5f depict the optical micrographs rel-
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evant to the L30GFPP-0 specimens, the L30GFPP-a speci-
mens, and the L30GFPP-b specimens, respectively.

The 100x magnification topography measurements within
a smaller area of 44."7 um (micrometers)x58.8 um (microme-
ters) of the specimens reported in Example 2 above 1s pre-
sented i FIG. 6. The longer wavelength waviness previously
observed with the larger area (1 mmx1 mm) 1s effectively
filtered out at the 100x magnification. Each Rq value in the
unit of nanometer (nm) 1s reported 1n average of 10 measure-
ments with error bars representing one standard deviation.
The data reported with the 100x magnification shows a trend
of changes that 1s very similar to the date reported with the
20x magnification shown in FIG. 4. However, Rq values
measurable with the 100x magnification are considerably
lower than those measurable with the 20x magnification as
shown 1n FIG. 4, partly because the smaller area of 44.7
umx38.8 um measured under the 100x magnification sub-
stantially excludes the inclusion of glass fibers and represents
rather the waviness of the polypropylene resin itself.
Impact of the air plasma treatment towards surface rough-
ness of the L30GFPP specimens reported in Table 2 above 1s
turther represented by 3-dimensional plots shown 1n FIG. 7,
in 20x or 100x magnification. The 3-D profiles of both the
untreated and low-dose treated samples confirm that there 1s
little difference 1n the surface appearance at either magnifi-
cation. At the 20x magnifications, it 1s observed that the
dosage “b” air plasma treatment has induced the exposure of
glass fibers of the specimens. The profile of the specimens
alter the dosage “b” air plasma treatment, as shown 1n the
100x magnification 1mage, also shows a change 1n appear-
ance. The surface may have melted and reformed due to high
temperatures encountered during the dosage “b™ air plasma
treatment.

Example 4
Adhesion Testing

The bond strength 1s recorded 1n the unit convention of psi
and measured by a lapshear test. The lap shear determines the
shear strength of adhesion between the substrate and the foam
adhesive. The GFPP test specimens are placed 1n the grips of
a testing machine and pulled at a rate about 5 millimeters per
minute until failure occurs.

Exposure of glass fibers presents mechanical bonds for a
toam adhesive to bond to; yet certain high air plasma dosage,
as reported in Example 3 above, may reduce the amount of the
oxidized carbon species. As such, an experiment 1s designed
to elucidate how an overall adhesion characteristic of the
GFPP specimens may be affected by factors of plasma dos-
age, glass fiber content, and glass fiber length.

FIG. 8 shows the distribution of adhesive bond strengths
measured from the 000PP-0 specimens, the 000PP-a speci-
mens, and the 000PP-b specimens reported 1n Table 2 above.
Bond strength 1s measure through lapshear test and five lap-
shear measurements are made for each test condition. The
mean bond strength (215 psi1) of the 000PP-a specimens
increases slightly from 190 ps1 for the 000PP-0 specimens.
With a higher dosage treatment of the dosage “b”, the mean
bond strength of the 000PP-b specimens 1s observed to have
decreased from 190 to 157 psi1, or 21.0%. The mode of adhe-
s1on failure for the same set of specimens 1s reported 1n FIG.
9. As shown m FIG. 9, only 10 to 14% cohesive failure 1s
similarly observed across the specimens.

Similar lapshear testings are also conducted on the
L30GFPP-0 specimens, the L30GFPP-a specimens, and the
L.30GFPP-b specimens reported 1n Table 2 above. The laps-
hear results of those specimens are given in FIGS. 10 and 11.
Firstly, a 21.1% increase in bond strength, from 190 to 230
psi, 1s noted 1n the GFPP specimens by the mere inclusion of
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30 weight percent of glass fiber component. This 1s likely the
result of the substantial 3-5 fold increase 1n surtace roughness
for the glass-filled materials, as noted 1n the topography data
of FIG. 4. The bond strength of the L30GFPP-a specimens
that have been treated with the dosage “a” plasma treatment 1s

turther increased from 230 to 410 psi, or 78.3%. This 78.3%
increase 1s at least five times the bond strength increase of

13.2% seen with the 000PP-a specimens reported in FI1G. 8. In
addition, the majority (mean of 87.4%) of the L30GFPP-a

specimen lapshear fail cohesively (FI1G. 11). Furthermore, 1n
contrast to the O00PP-b specimens of FIGS. 8-9 where the
dosage “b” air plasma treatment 1s shown to decrease bond
strength as compared to the 000PP-0, the L30GFPP-b speci-
mens elicit improved adhesion from 230 ps1 of without air
plasma to 285 of the dosage “b” air plasma, or an increase of
23.9%. Albeit a reduced improvement compared to bond
strength 1mprovement with the dosage “a” air plasma, the
23.9% 1ncrease 1n bond strength elicited by the dosage “b”
plasma on the L30GFPP-b specimens demonstrates that the
inclusion of the glass fiber component 1n the GEFPP specimens
elfectively compensates any adhesion loss elicited by a high
dosage such as the dosage “b” air plasma. While not intended
to be limited by any theory, one explanation 1s at least a
portion of the glass fiber component i1s being exposed to the
GFPP specimen surface by the air plasma treatment and pre-
senting a mechanical linkage with the foam adhesive. This
mechanical linkage or bond 1s stmply not realized in the pure
polypropylene specimens where no glass fiber component 1s
present.

The same lapshear data from FIGS. 10 and 11 are alterna-
tively presented in FIGS. 12 and 13 and the data 1s sorted by
glass fiber length and content. The data shows patterns of
changes based on dosages of air plasma treatment and sub-
strate glass fiber content. As shown 1n the FIGS. 12 and 13,
poorer adhesion 1s noticed with the L20GFPP-0 specimens
and comparably better adhesion occurs with the L30GFPP-a
specimens. In fact, this 1s the only specimen that exhibits
100% cohesive failure for all five coupons tested (FIG. 12).
Although in general there 1s considerable variation in the
data, 1t 1s still quite clear that better adhesion 1s realized with
the specimens with higher glass fiber content.

The same data of FIGS. 12 and 13 are further alternatively
represented by main effects plots depicted in FIGS. 14 and 15.
It 1s demonstrated that air plasma dosage delivers the most
significant 1mpact, as compared to glass fiber content and
mean glass fiber length, on adhesion with respect to both bond
strength and failure mode. Low-dosage air plasma treatment
imparts a dramatic increase 1n adhesion and the high plasma
dosage treatment increases overall adhesion yet possibly with
a lesser extent.

The same bond strength data for the shorter fiber specimen
group (collectively including S20GFPP-0, S30GFPP-0,
S20GFPP-a, S30GFPP-a, S20GFPP-b, and S30GFEFPP-b)
verse the longer fiber specimen group (collectively including
L20GFPP-0, L30GFPP-0, L20GFPP-a, L30GFPP-a,
L.20GFPP-b, and L30GFPP-b) 1s turther represented by box-
plots in FIG. 16. A two-sample T-test 1s run on this data and 1t
1s demonstrated that the longer fiber specimen group appears
to exhibit better adhesion than the shorter fiber specimen
group with a 95% confidence of a statistical difference 1n data
means between the groups.

Table 3 alternatively demonstrates differential bond
strength results of FIG. 13 1n response to the three test vari-
ables, namely air plasma dosage, mean fiber length, and glass
fiber content. The bond strength enhancing effect of each
variable 1s quantified and reported in Table 3. Between the
pure polypropylene specimens with zero glass fiber content,
the air plasma treatment at dosage “a” increase the lapshear
bond strength by 25 ps1 from 190 (of the 000PP-0 specimens)

to 215 psi (of the O00PP-a specimens), or an increase of




US 9,217,066 B2

15

13.1%. A bond strength mean for the GFPP specimen group
with no air plasma treatment (collectively including

S20GFPP-0, S30GFPP-0, L20GFPP-0, and L30GFPP-0) 1s
calculated to be 230 psi; a bond strength mean for the GFPP
specimen group with dosage “a” air plasma treatment (col-

lectively including S20GFPP-a, S30GFPP-a, L20GEFPP-a,
and L30GFPP-a) 1s 410 ps1; and a bond strength mean for the

GFPP specimen group with dosage “b” air plasma treatment
(collectively including S20GFPP-b, S30GFPP-b, L20GEFPP-

b, and L30GFPP-b) 1s 285 ps1. As such, the dosage “a” air
plasma treatment elicits a bond strength enhancing effect
with a change of 180 psi or 78.2% 1increase from the non-
treated counterpart of 230 psi. The mere inclusion of glass
fibers in the GFPP specimens greatly substantiates the impact
of the air plasma treatment from rendering an increase of
13.1% to 78.2%, or an almost 6-fold. Upon the higher dosage
“b” air plasma treatment, the mean bond strength of the pure
polypropylene specimens 1s reduced by 33 ps1 while an
increase of 55 psi 1s rather observed with the corresponding
dosage “b” GFPP specimen group. In addition, the lower 20%
(weight percent) glass fiber specimen group (collectively
including S20GFPP-0, S20GFPP-a, S20GFPP-b, L20GEPP-
0, L20GFPP-a, and L20GFPP-b) has a bond strength mean of
2’76 while the higher 30% (weight percent) glass fiber speci-
men group (collectively including S30GFPP-0, S30GEFPP-a,
S30GFPP-b, L30GFPP-0, L30GFPP-a, and L30GFPP-b) has
a bond strength mean of 340. Furthermore, the shorter and
longer fiber specimen groups as defined above have a bond
strength mean of 293 psi and 323 psi, respectively. As such, a
bond strength increase in the amount of 64 ps1 1s observed
with a fiber content change from 20% to 30% and an amount
of 30 psi1 1s observed with a mean fiber length change from 1
to 3 millimeters. It 1s therefore reasonably concluded that
amongst the three tested variables, the air plasma treatment 1s
the most significant contributor in enhancing the bond
strength of the specimens tested here.

TABLE 3

L1l

Change in lapshear bond strength 1n response to

various testing conditions
Change 1in Lapshear Bond Strength (psi)

Pure Polypropylene Specimens Improvement
None Dosage “a” Dosage “b” a b
Alr 190 215 157 25 -33
Plasma
Glass Fiber Filled
Polypropylene Specimens Improvement
None Dosage “a” Dosage “b” a b
Air 230 410 285 180 55
Plasma
20% 30% Improvement
Glass 276 340 64
Fiber
Content
1 millimeter 3 millimeters Improvement
Glass 293 323 30
Fiber
Length

While the best mode for carrying out the invention has been
described 1n detail, those familiar with the art to which this
invention relates will recognize various alternative designs
and embodiments for practicing the invention as defined by
the following claims.
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What 1s claimed:

1. A structural polymer insert comprising:

a substrate including polypropylene and glass fibers, the
glass fibers forming about 30 weight percent of a total
weilght of the substrate and having a mean fiber length of
about 3 millimeters, the substrate having an air plasma
treated surface portion including a plurality of exposed
glass fibers, silicon atoms of up to 5 atomic percent and
oxygen atoms of 10 to 50 atomic percent of the total
atoms present on the surface portion; and

an expandable foam adhesive chemically bonded to the
surface portion to form a plurality of chemical bonds
between the expandable foam adhesive and the surface
portion and mechanically bonded to the plurality of
exposed glass fibers to form a plurality of mechanical
bonds between the expandable foam adhesive and the
plurality of exposed glass fibers.

2. The structural polymer 1nsert of claim 1, wherein the
surface portion of the substrate includes one or more reactive
moieties of hydroxyl, ether, ketone and carboxyl.

3. The structural polymer 1nsert of claim 1, wherein the
surface portion has one or more nitrogen atoms 1n an amount
of 0.1 to 10 atomic percent of the total atoms present on the
surface portion.

4. The structural polymer 1nsert of claim 1, wherein the
surface portion has an oxygen-to-nitrogen atomic ratio of 5.0
to 12.0.

5. The structural polymer 1nsert of claim 1, wherein the
expandable foam adhesive has a volume expansion of 150 to
450 percent.

6. The structural polymer insert of claim 5, wherein the
expandable foam adhesive 1s epoxy based.

7. The structural polymer insert of claim 1, further com-
prising an outer layer contacting the substrate to provide
added structural durability.

8. The structural polymer 1nsert of claim 1, wherein the
plurality of exposed glass fibers are localized up to 80 um
deep from the air plasma treated surface portion.

9. A structural polymer insert comprising:

a substrate including polypropylene and glass fibers, the
glass fibers forming about 30 weight percent of a total
weight of the substrate and having a mean fiber length of
about 3 millimeters, the substrate having an air plasma
treated surface portion including a plurality of exposed
glass fibers and oxygen atoms of 26.7 to 32.8 atomic
percent of the total atoms present on the surface portion;
and

an expandable foam adhesive chemically bonded to the
surface portion to form a plurality of chemical bonds
between the expandable foam adhesive and the surface
portion and mechanically bonded to the plurality of
exposed glass fibers to form a plurality of mechanical
bonds between the expandable foam adhesive and the
plurality of exposed glass fibers.

10. A structural polymer nsert comprising:

a substrate including polypropylene and glass fibers, the
glass fibers forming about 30 weight percent of a total
weight of the substrate and having a mean fiber length of
about 3 millimeters, the substrate having an air plasma
treated surface portion including a plurality of exposed
glass fibers and nitrogen atoms of 3.3 to 4.4 atomic
percent of the total atoms present on the surface portion;
and

an expandable foam adhesive chemically bonded to the
surface portion to form a plurality of chemical bonds
between the expandable foam adhesive and the surface
portion and mechanically bonded to the plurality of
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exposed glass fibers to form a plurality of mechanical
bonds between the expandable foam adhesive and the
plurality of exposed glass fibers.
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